Abstract In the asymptotic safety paradigm, a quantum field theory reaches a regime with quantum scale invariance in the ultraviolet, which is described by an interacting fixed point of the Renormalization Group. Compelling hints for the viability of asymptotic safety in quantum gravity exist, mainly obtained from applications of the functional Renormalization Group. The impact of asymptotically safe quantum fluctuations of gravity at and beyond the Planck scale could at the same time induce an ultraviolet completion for the Standard Model of particle physics with high predictive power.
sources [2] , at energies E below the Planck mass M Pl where the contribution of higher-order interactions is generically suppressed by positive powers of (E/M Pl ). Predictivity is lost at E ≈ M Pl , where all higher-order terms are expected to contribute equally. Thus, a predictive model of quantum gravity exists below the Planck scale, and misses an ultraviolet (UV) completion.
In contrast to Einstein-Hilbert gravity, the Standard Model is perturbatively renormalizable, i.e., the finitely many counterterms are of the same form as the terms in the original action. However, perturbative renormalizability is actually neither necessary nor sufficient to obtain a fundamental theory, i.e., one that holds up to arbitrarily large energy scales. The simplest example is a λ 4 /8 φ 4 model in d = 4: Absorbing the one-loop divergence in a renormalization of λ 4 leads to a Renormalization Group (RG) scale dependence given by the beta function encoding the dimensionless scale-derivative of the coupling
This implies a logarithmically increasing running coupling, resulting in a divergence at a finite momentum scale, the Landau pole, which signals the breakdown of perturbation theory. Beyond perturbation theory, the conclusion that the theory cannot be extended beyond the scale of the Landau pole appears to persist, and is known as the triviality problem: Demanding that the coupling is finite over an infinite range of scales results in a vanishing coupling in the infrared (IR), i.e., a trivial theory [3] . Perturbatively renormalizable models that are fundamental such as, e.g., Yang-Mills theories in d = 4, require that the running coupling is asymptotically free, i.e. vanishes in the far UV. The triviality problem most likely carries over to the Higgs-Yukawa and Abelian hypercharge sector of the Standard Model [4] , [5] . The corresponding Landau poles, which appear to signal the need for new physics, lie beyond the Planck scale. Thus, quantum gravity might be the new physics required to solve the triviality problem and to render the Standard Model UV complete.
Asymptotic safety: The main idea
Asymptotic safety generalizes asymptotic freedom and both can underlie predictive fundamental QFTs. The latter implies that a model reaches a regime where it becomes free in the UV, and hence protected from the triviality problem. The free model is a Renormalization Group (RG) fixed point: When all interactions vanish at some energy scale, they vanish everywhere. Asymptotic safety generalizes this to an RG fixed point at finite coupling, i.e., residual interactions exist. The fixed point is reached in the dimensionless versions of all couplings g i . For a couplingḡ i with canonical mass dimension dḡ i its dimensionless counterpart is g i =ḡ i k −dḡ i . If all g i reach an asymptotically safe fixed point, this implies finiteness of observables [6] . As fixed points of the RG flow, asymptotic safety/freedom imply quantum scale invariance, cf. Fig. 1 Beta functions and the corresponding running for a UV attractive free/interacting fixed point (lower/upper panels). As the fixed points are UV attractive, the value of the coupling at one reference scale is an initial condition that can be chosen freely. Upper panels: beta function and scale dependence of the Newton coupling according to Eq. (20) .
the scaling of couplings is determined by the sum of canonical scaling and quantum scaling which is a consequence of loop effects. In fact, a fixed point can arise from a balance between canonical and quantum scaling, as
where η i is an anomalous scaling dimension that arises as a consequence of quantum fluctuations. An interacting fixed point lies at
For instance, in d = 4 − , the λ 4 φ 4 theory has a fixed point at λ *
= 16π
2 /3, the Wilson-Fisher fixed point [7] playing an important role in statistical physics. In that setting, interacting fixed points encode the scaling exponents near a continuous (second or higher order) phase transition, where scale invariance is due to a diverging correlation length at criticality.
QFTs live in theory space, which is the infinite-dimensional space of all couplings that are compatible with the symmetries of the model. Asymptotic safety/freedom is the existence of a fixed point in this space, i.e., for a model to become asymptotically safe, all couplings have to reach a scale-invariant fixed point. Thus, determining whether a model can become asymptotically safe/free, requires us to explore the RG flow of all infinitely many couplings. On the other hand, in perturbatively renormalizable models with asymptotic freedom one typically does not think about higher-order couplings, but restrict the setting to the perturbatively renormalizable ones, thus seemingly working G Fig. 2 Illustration of a 3-dimensional subspace of theory space, with trajectories emanating from an asymptotically safe fixed point. σ is determined at all scales in terms of the G, λ, as the critical hypersurface is 2-dimensional. An RG trajectory that is displaced from the value of σ determined by G, λ is not UV safe.
in a finite-dimensional theory space. The reason is not the absence of higherorder couplings in a Wilsonian view of such models. However, the higher-order couplings are determined in terms of the perturbatively renormalizable ones, i.e., they are not free parameters of the model. This is an example of a model that reaches a fixed point and has a finite number of free parameters although the fixed point lies in the infinite dimensional theory space. The free parameters of the model -which are the relevant, i.e., UV-attractive couplings, span the UV-critical hypersurface of the fixed point. A flow that emanates from the fixed point can only move within the UV-critical hypersurface, i.e., in the direction of the relevant couplings -any displacement in a UV repulsive direction prevents the couplings from being able to continuously flow "back" into the fixed point towards the UV, cf. Fig. 2 . As the relevant couplings are the free parameters of the model, predictivity requires a finite-dimensional UV-critical hypersurface. All infinitely many directions which are orthogonal to the (local tangent space of the) hypersurface at the fixed point are predictable. These concepts are central for the connection of asymptotic safety to phenomenology.
At the fixed point, the relevant directions are IR-repulsive. Thus, RG trajectories emanating from the fixed point are parameterized by an increasing distance of the relevant couplings to their fixed-point values, i.e., the values of the relevant couplings encode the deviations from scale invariance. The set of all RG trajectories emanating from the fixed point spans the UV critical surface. Any point in this hypersurface can be reached in the IR by an RG trajectory that emanates from the fixed point in the UV. Accordingly, IR values of relevant couplings are not predicted, cf. left upper panel in Fig. 3 , and have to be determined by an experiment. In contrast, all directions orthogonal to the critical hypersurface -the irrelevant ones -are IR attractive. Thus, a tiny deviation from the fixed point to a point outside the critical surface would lead to a flow approaching the critical surface to the IR. Therefore, there is no additional freedom in the IR values of the irrelevant couplings for a UV complete model. Note however that in one picks an RG trajectory that is perturbed away from the critical hypersurface by some (tiny) amount at some scale k, this trajectory cannot be reached from the fixed point: As the fixed point is UV repulsive in the irrelevant couplings, reversing the flow and following it towards the UV leads to an increase in the distance to the fixed point, cf. left lower panel in Fig. 3 . Thus, an RG trajectory that does not lie exactly within the critical hypersurface cannot be UV complete. Hence, the IR values of irrelevant couplings provide tests of the underlying microscopic model: Only one unique value of an irrelevant coupling is compatible with an underlying microscopic fixed point, cf. lower left panel in Fig. 3 . For instance, in Fig. 2 the value of σ at any scale in determined by the values of G, λ at that scale, i.e., all UV complete RG trajectories in this three-dimensional space are fully characterized in terms of two parameters As the critical hypersurface can be curved, an irrelevant coupling does not need to stay constant, i.e., curvature of the critical hypersurface forces an irrelevant coupling to run as a function of scale. The key point is that its value at all scales is determined by the relevant couplings at the corresponding scale. Note that (ir)relevant directions need not be aligned with the couplings in the action, i.e., superpositions can be (ir)relevant. At a free fixed point, the irrelevant directions have negative mass dimensionality, i.e., they are perturbatively nonrenormalizable. For an asymptotically free model, their values cannot be chosen freely, but are fixed by the relevant couplings, as discussed above. This does not mean that the couplings vanish in the IR, e.g., in QCD indications for gluon condensation are tied to a nontrivial "potential" for the field-strength, with finite values of the couplings of higher-order operators [12] . The values of those couplings are determined in terms of one free parameter, which is essentially the QCD scale. Intuitively, a fixed point leads to predictions for the irrelevant couplings quantum fluctuations force the irrelevant coupling to stay at its fixed-point value all the way to the IR. For gravity coupled to matter, this will become particularly interesting: Quantum fluctuations of gravity force irrelevant matter couplings to remain glued to the critical hypersurface of the asymptotically safe gravity-matter fixed point, until quantum gravity is switched off dynamically, cf. upper panel in Fig. 1 . As this happens near the Planck scale, the Planck-scale values of these couplings are fixed. Assuming no new physics between the Planck scale and the electroweak scale, one can predict IR physics from fixed-point physics, see, e.g., [8, 9, 10, 11] . To determine which couplings are relevant, one linearizes the flow around the fixed point for which β gi = 0, ∀i. The beta function for g i can depend on all other couplings g j , summarized in the vector g, and thus
where the stability matrix M does not need to be diagonal. Thus one introduces coordinatesĝ i in theory space that are centered around the fixed point and in which M is diagonal with −θ i as eigenvalues and V i as eigenvectors expressed in the g coordinates. Then, the linearized flow equation and its solution read
Here, c i is a constant of integration and k 0 a reference scale. θ i > 0 is associated to a relevant, i.e., UV-attractive direction. Then c i is a free parameter, which must be fixed by inferring the value ofĝ i from an experiment in the IR. On the other hand, θ i < 0 is associated to an irrelevant, i.e., UV-repulsive direction.
To reach the fixed point in the UV, one has to demand c i = 0, thereby leaving no free parameter for V i , i.e., for one linear combination of couplings. For marginal directions with θ i = 0, higher orders in Eq. (5) determine whether the direction is exactly marginal, or marginally (ir)relevant.
The critical exponents θ i are linked to the canonical dimensionalities of couplings, as the beta functions contain a term ∼ dḡ i which enters the critical exponent, cf. Eq. (2) . At the free fixed point, the critical exponents correspond exactly to the canonical dimensionality, thus couplings with (negative) positive mass dimensionality are (ir)relevant. Dimensionless couplings, such as, e.g., the gauge couplings in four dimensions, can become marginally irrelevant (as in QED, leading to the triviality problem) or marginally relevant (as in QCD, implying asymptotic freedom). At an interacting fixed point, the critical exponents receive additional contributions from residual interactions. A priori it is impossible to determine ir/relevance. However, one can expect interacting fixed points to be predictive, as there are only a few couplings with dḡ i ≥ 0, and all others have increasingly negative mass dimension. Thus, unless quantum contributions to the critical exponents grow with i, the canonical dimension ultimately "wins", yielding θ i > 0 only for finitely many i.
Functional Renormalization Group techniques
The functional Renormalization Group allows to probe the scale-dependence of a QFT, extract the beta functions and search for asymptotic safety. It is based on the definition of a scale-dependent effective dynamics encoded in an effective action Γ k , that includes the effect of quantum fluctuations above the momentum scale k 2 . Γ k contains all field monomials O i respecting the underlying symmetries and contain positive integer powers of derivatives, multiplied by scale dependent couplings which span the theory space,
At a given scale k, the effective action defines a point in theory space. As k is lowered to k − δk, quantum fluctuations with momenta in that range are included and lead to a change of Γ k along an RG trajectory. The beta functions can be extracted from the scale derivative of the effective dynamics, as
Such an equation follows from the definition of Γ k by a modified Legendre transform of the scale dependent generating functional Z k
in terms of the expectation value φ = ϕ :
The mass-like term ∆S k depends on the regulator R k (p 2 ) and must suppress modes with p 2 < k 2 , i.e., only the high-energy modes contribute in Eq. (10),
Eq. (11) implies the Wetterich equation for the scale-dependence of Γ k [14] ,
see also [15] and [16, 17] for reviews. Herein Γ (2) k is a shorthand for the second functional derivative of Γ k with respect to the field. The trace runs over the eigenvalues of the regularized propagator (Γ (2) k +R k ) −1 , i.e., for a simple scalar field on a flat background, it implements an integral over the loop momentum. Structurally -but not in the sense of perturbation theory -eq. (13) has a diagrammatic representation as a one-loop equation with a loop over the full nonperturbative propagator with the regulator insertion. Fig. 4 On a flat background, Tr becomes a momentum integral with measure p 2 in d = 4 (blue dashed). The full integrand (turquoise continuous) contains ∂tR k (green dot-dashed) and Γ
The left panel shows the theta cutoff [13] 
The Wetterich equation is automatically UV and IR finite: The latter property is implemented by the mass-like regulator in the denominator, and the former follows as ∂ t R k vanishes for p 2 > k 2 . In fact, the trace over the eigenmodes of the propagator is peaked for modes with eigenvalues close to k 2 , cf. Fig. 4 . Thus, the k-dependent change of the effective dynamics is driven by modes with momenta close to k, just as one would expect.
The Wetterich equation does not depend on the microscopic action S: It simply provides a vector field in theory space. Specifying a particular microscopic action provides an initial condition for the flow to k = 0, yielding the corresponding effective action. However, the Wetterich equation is applicable more generally, allowing to search for viable microscopic dynamics, given a set of fields and symmetries. A consistent microscopic dynamics in a given theory space is determined through the fixed point [18] .
In practice one cannot work with the infinite sum in eq. 8, and instead truncates, i.e., chooses a subspace of theory space that should contain the relevant operators. Accounting for deviations of the critical exponents from the canonical mass dimension, one expects a set with dḡ i ≥ d crit to contain all relevant couplings. The value of d crit can be tested in larger truncations by checking whether couplings with dḡ i < dḡ i crit are in fact irrelevant. For instance, in gravity dḡ i crit appears to be close to zero, cf. Sec. 4.
In truncations the Wetterich equation is not exact, i.e., operators beyond the truncation are generated on the right-hand-side, and can feed into the beta functions in the truncation. This contribution is set to zero in a truncation. Thus one might question the reliability of the method. However, a vast collection of results on interacting fixed points in various QFTs (mostly in d < 4) where comparisons with other techniques, e.g., expansion, Monte Carlo simulations and the conformal bootstrap are possible, highlights the power of the method. Truncation-induced fixed points are usually unstable under extensions of the truncation. In contrast, the actual fixed point is expected to show apparent convergence under extensions of the truncation, see, e.g., [19] .
Quantum gravity brings an extra complication. As all metric configurations enter the path integral, momentum scales fluctuate. Thus, how does one distinguish between UV and IR modes in order to set up the RG flow? To this end, one introduces an auxiliary background metric and splits the expectation value of the full metric g µν linearly into background and fluctuation
where the amplitude of the fluctuations is not restricted, i.e., the split is not a perturbative one. For alternative splits, see [20, 21, 22] . Usingḡ µν , the flow equation can be set up [23] : What played the role of the momentum p 2 in the flat background case, will now be the covariant Laplacian −D 2 with respect to the metricḡ µν . Thus, UV modes are those with eigenvalues eig(−D 2 ) > k 2 . On the other hand, no configuration in the path integral should be distinguished -quantum gravity should be background independent. In the present setup, shift symmetry h µν → h µν + γ µν ,ḡ µν →ḡ µν − γ µν encodes that the effective action should only depend on one metric, namely the physical field. It is broken by the regulator (and gauge fixing term)
1 For instance, the regulator term h µν R k (−D
2 ) µνκλ h κλ depends on two distinct arguments h µν and g µν such that they cannot be combined to a full g µν .This leads to an enlargement of theory space. For instance, the flow of the Newton coupling read off the flow of the three-graviton vertex (i.e., by evaluating the scaledependence of the coupling between three powers of h µν with two derivatives) and the background curvature term √ḡR differ. Crucially, the propagator on the right-hand-side of the Wetterich equation is that of the fluctuation field.
Thus, the single-metric approximation, where the fluctuation-field-propagator is equated to the background-field propagator, introduces an artificial background dependence in the results. To restore background independence at the level of physical observables thus requires a careful distinction of the dependence of Γ k [ḡ µν , h µν ] on its two distinct arguments. Studies in bimetric settings [25] , and with a distinction of fluctuation field and background field [26] are therefore under way. In gauge theories, the Ward identity encodes the presence of gauge symmetry. The presence of a regulator that breaks the corresponding symmetry leads to additional nontrivial terms (in addition to those from gauge fixing), e.g., [17] . For shift symmetry, the modified Ward-identity encodes the difference between the fluctuation-field and background dependence of Γ k that is generated by the regulator and the gauge-fixing term [24] . Solving the flow equation and the modified Ward-identity simultaneously would restrict the flow onto a hypersurface in the enlarged theory space on which background independence arises at the level of physical observables. For studies aiming at imposing the modified Ward identity on the flow see [27] .
Status of asymptotic safety in pure gravity
Before exploring asymptotic safety for quantum gravity, let us clarify a possible underlying mechanism. For dimensionfull couplings, such as the Newton coupling, the beta functions of their dimensionless counterparts include a linear term from the canonical dimensionality, which can balance the effect of quantum fluctuations. In particular, models which are asymptotically free in their critical dimension d crit (where the coupling is dimensionless), are asymptotically safe in d = d crit + ( > 0) dimensions. For instance, the beta function for the gauge coupling g YM in Yang-Mills theory in d = 4 + has the form
where β 0 is the one-loop coefficient. Asymptotic freedom in d = 4 requires β 0 > 0, which implies that the term ∼ g YM from the canonical dimension can balance the one-loop term to induce asymptotic safety. To what value of asymptotic safety exists in Yang-Mills theory is under investigation [29] . In gravity, the critical dimension is d = 2. In d = 2 + , the beta function of the dimensionless Newton coupling G = G N k d−2 is similar to Eq. (15),
see [30] . The numerical value of the quadratic term depends on the parameterization of metric fluctuations [31, 32] , but the sign does not. Thus, a balance of quantum fluctuations and canonical scaling could induce a scale-invariant, asymptotically safe regime in gravity. The critical question is whether the fixed point at G * > 0 that exists close to d = 2 can be extended 2 to d = 4. Using the canonical dimension as a guide, the leading-order truncation is the Einstein-Hilbert action,
where
are the dimensionless running couplings and S gf is a gauge-fixing term, that is typically chosen as
2 The fixed point in d = 4 might of course not be smoothly connected to that in d = 2 + , but a smooth connection to a perturbative regime provides another powerful tool to characterize the fixed point. Moreover, for a fixed point in d = 4 that smoothly connects to one in d = 2, the scaling exponents are given by canonical scaling dimensions plus terms which go to zero as → 2. These additional terms might be quantitatively small in d = 4, and the fixed point could inherit a close-to-canonical scaling behavior. This is an excellent basis to set up truncations that show apparent convergence. with the corresponding Faddeev-Popov ghost term
(19) The beta functions for β = α = 1 with a type-Ia regulator (cf. [33] ) to second order in the couplings highlight the main structure, see Fig. 5 ,
The UV-attractive fixed point in G, λ [34] exists for different choices of gauge fixing and parameterization and beyond the simple approximation in Eq. (20), see, e.g., [21] . Extended truncations including R n , n ∈ N feature a third relevant direction [35] , and near-canonical scaling for higher-order couplings [36, 33] , a posteriori supporting the choice of truncations based on the canonical dimension. The canonical dimension also appears to be a useful guide with more complicated tensor structures: adding R 2 and R µν R µν to the truncation results in only one additional relevant and one additional irrelevant direction [37] . The presence of R 2 and R µν R µν in asymptotic safety raises the question of unitarity, which requires further studies. Note that it is unlikely that a flat background, underlying conclusions on non-unitarity in four-derivative gravity [38] , is the true ground state of the theory -after all a nonvanishing cosmological constant is present in the IR, and at small scales the structure of the vacuum might be more involved [39] . Moreover, with higher-order terms in the propagator, any truncation to a finite number of derivatives leads to additional, truncation-induced zeros in the propagator [40] . Actually, the presence of infinitely many higher-order interactions at the fixed point might be critical for unitarity, as the propagator could then feature only a pole at zero, while its expansion to finite order in powers of the momentum will always contain additional poles.
Including the perturbative 2-loop counterterm C µνκλ C κλρσ C µν ρσ with canonical dimension -4 to the Einstein-Hilbert truncation adds an irrelevant direction [41] . Thus, in contrast to the perturbative result, at an interacting fixed point the corresponding coupling does not yield an additional free parameter. Infinite-dimensional truncations have been explored for f (R) truncations, see [42] . Results beyond the single-metric approximation [25, 26] , which equates the fluctuation and the background propagator appear to qualitatively support the results from the single-metric approximation. The Einstein-Hilbert truncation has been explored in an ADM-setup, which naturally lends itself to a Wick-rotation to Lorentzian signature [43] . Unimodular gravity provides a different point of view on the cosmological constant problem, and shows a fixed point with only two relevant couplings in an expansion up to R 10 [20] . Imprints of asymptotically safe gravity on the structure of spacetime [44] , the properties of black holes and cosmology [45] have been studied.
To summarize, results up to date might lead one to cautious optimism about the fate of gravity in a quantum-field theoretic framework: The door for an asymptotically safe model of quantum gravity appears to be wide open, and the step to a model of quantum gravity and matter is timely.
Status of asymptotic safety for gravity and matter
The interplay of matter and gravity has two major aspects, namely quantumgravity effects on matter and the impact of matter on quantum spacetime.
Matter matters in quantum gravity
The analogy of the destruction of asymptotic freedom in Yang-Mills theory by quantum fluctuations of matter fields (in that case, N f 17 quark flavors) might suggest a similar fate of the asymptotically safe fixed point. In fact, N S/D/V minimally coupled scalars, Dirac fermions and Abelian gauge fields impact the running background Newton coupling [46] :
with a type-II cutoff [47] , see also [48, 49] , with a similar sign-structure for the fluctuation coupling [50, 51] . This would suggest that scalars and fermions drive Fig. 6 The factor √ g provides a two-graviton-4-scalar vertex ∼ λ 4 , yielding a tadpole contribution ∼ λ 4 G to β λ 4 on the rhs of the Wetterich equation.
the Newton coupling to increasing fixed-point values, until the asymptoticsafety-inducing impact of metric fluctuations cannot compensate and the fixed point tunnels through a divergence and reappears at negative G. There it is presumably unphysical, as a negative UV-value of G cannot be connected to positive G in the IR due to the fixed point at G = 0 which the flow cannot cross. Including the cosmological constant leads to mass-like threshold terms in the beta functions. Depending on the sign of the "mass", gravity fluctuations can be enhanced or suppressed. Here, the picture is not as clear-cut, as backgroundresults and fluctuation field results appear to differ in certain aspects [50] .
In all studies to date, minimally coupled Standard Model fields admit an asymptotically safe fixed point for gravity. Thus asymptotically safe quantum gravity might pass this important observational consistency test and persist under the impact of the observed matter degrees of freedom.
Gravity-induced UV completion of the Standard Model
There are intriguing hints that the answer to "Can asymptotically safe quantum gravity trigger a predictive, observationally viable UV completion for the Standard Model?" might be affirmative. These hints arise from the presumed leading-order effects of quantum gravity on matter beta functions. Extending truncations beyond these is mostly a task for the future. The crucial gravitational term acts like a scaling dimension, i.e., it is linear in the matter coupling. Thus it can balance the one-loop matter terms, which involve higher powers of the matter coupling, generating an interacting fixed point. The linear gravity contribution differs for diverse matter interactions, but is generically present. The simplest example is λ 4 φ 4 , where √ g provides a four-scalar-twograviton vertex ∼ λ 4 , sourcing a tadpole contribution ∼ G λ 4 , as each metric propagator is ∼ G, cf. Fig. 6 . Specifically, for a canonically marginal matter coupling g i
with # i = 2 (scalar quartic coupling) or # i = 3 (Yukawa, gauge couplings).
The coupling is asymptotically free in the absence of gravity if # matter < 0. Quantum gravity supports asymptotic freedom if # grav < 0 (case 3 in Tab. 1), and the IR value of the coupling is a free parameter. Conversely, quantum gravity destroys asymptotic freedom if # grav > 0 (case 4 in Tab. 1). In that case, Eq. (22) contains a UV-attractive interacting fixed point, i.e., the IR value of the coupling is a free parameter. Both signs for # grav thus lead to phenomenologically viable fixed points if # matter < 0. The situation differs for # matter > 0. At one loop, the coupling grows towards the UV. For # grav > 0, the coupling is still irrelevant at the free fixed point, (case 1 in Tab. 1). Thus, on the only UV complete RG trajectory the coupling is zero as long as quantum fluctuations of gravity are present. This yields the prediction g i (k ≈ M Planck ) = 0. For k < M Planck , it can be driven away from zero by additional matter contributions in Eq. (22). Actually, the Higgs quartic coupling (nearly) fulfills this condition [52, 53] . Thus asymptotic safety might predict a Higgs mass close to the observed value [8] .
On the other hand, if # grav < 0, quantum gravity induces asymptotic freedom, i.e., the free fixed point is UV attractive, and can be reached from a range of low-energy values of the coupling (case 2 in Tab. 1). Simultaneously, quantum fluctuations of matter and gravity balance at an interacting fixed point at g * i > 0. This fixed point entails an upper bound on the low-energy value of the coupling, [10, 11] : The interacting fixed point is UV repulsive, i.e., it can only be reached from a unique IR-value of the coupling g i = g i crit . All IR values below g i crit can be reached from the free fixed point in the UV. None of the IR values above g i crit can be reached from a UV complete model, cf. Fig. 8 Table 1 Existence of free/interacting fixed point and predictivity/existence of a free parameter for the matter coupling for different cases in Eq. (22), see also illustration in Fig. 7 . For case 2, the fixed-point structure implies an upper bound on the IR value of the coupling. UV. The interacting fixed point therefore shields all IR values above the upper bound, g i (k IR ) > g i crit , from the UV-complete regime.
Note that due to the nonzero dimension of the Newton coupling the gravitycontribution to the beta functions is gauge-dependent and non-universal; for the corresponding discussion in the distinct case of perturbation theory, see [54] . Gauge-independent observables can arise despite gauge dependence of beta functions [55] . In particular, gauge-dependence in gravity-contributions to matter beta functions might cancel against a corresponding gauge dependence in the gravitational fixed-point values, guaranteeing gauge independence of IR observables. As beta functions are not physical observables, their gauge-/scheme-dependence is not unexpected -in fact, in the Standard Model without gravity, scheme dependence sets in at three loops. Gauge dependence even provides tests of the quality of a truncation, see, e.g., [21] .
It is intriguing that a UV complete gravity-matter model features a gravity contribution for the Standard Model couplings that acts similarly to dimensional reduction: Just like a scaling dimension, the gravity contribution is linear in the matter coupling with a sign as it would be for d < 4. One might speculate that a UV complete gravity-matter model could hinge on a dynamical mechanism that moves the system towards the critical dimension of gravity, d = 2, leaving imprints in beta functions and the spectral dimension [56, 44] .
Quantum-gravity effects on gauge couplings
Abelian gauge couplings presumably exhibit the triviality problem [5] , indicating the need for new physics. In the Abelian sector of the Standard Model, the corresponding breakdown is expected beyond the Planck scale, suggesting that the missing physics could be quantum gravity. Indeed, for (non-)Abelian gauge fields, results in truncations including the Einstein-Hilbert term suggest # grav < 0 [9, 57, 58, 59, 11] . Thus, asymptotic freedom is induced in gauge couplings in this approximation, hinting at a solution to the triviality problem. In the Abelian case, an interacting fixed point appears, leading to an upper bound on the IR value of the gauge coupling in the vicinity of the observed value for appropriate values of G, Λ [11] , cf. illustration in Fig. 8 . For non-Abelian gauge couplings, the approach to asymptotic freedom accelerates beyond the Planck scale, as the logarithmic running is turned into a power-law running with exponent θ = −# grav G by quantum-gravity effects, cf. Fig. 9 .
Quantum-gravity effects on the Higgs-Yukawa sector
For the Yukawa couplings the sign of the presumed leading contribution depends on the gravitational fixed-point values [60, 61, 62, 10] , cf. Fig. 10 . For values with # grav > 0, there is a UV repulsive free fixed point and thus -unless there are effects from curvature of the critical hypersurface -the Yukawa coupling is forced to zero at the Planck scale, resulting in vanishing fermion masses. In the Einstein-Hilbert truncation, with λ < λ crit < 0, # grav < 0 holds [10] , realizing the scenario in Fig. 8 . In the single-metric approximation, UV complete flows for gravity and the Standard Model starting from the finite fixed-point value of the top Yukawa and Higgs quartic coupling lead to unique IR values for top and Higgs mass. As quantum gravity does not break chiral symmetry, fermion masses to remain small compared to the Planck scale [63, 61] , and the top mass comes out close to the experimentally observed value [10] . Fig. 10 Left: Quartic fermion-scalar interactions parameterized by χ 1 (see [61, 62] ) feature a shifted free fixed point at G crit > G > 0 and no real fixed point beyond G crit ≈ 3.2. Right:
In the G − Λ plane, the bound on the effective gravitational strength also depends on Λ.
Regimes with a finite (green) and vanishing (orange) top mass are shown (see [10] ).
not have a free fixed point [59, 61, 62, 63, 64] . However, interactions which break the global symmetry of the kinetic terms, e.g., all marginal interactions in the Standard Model, feature a free fixed point, and might additionally have an interacting fixed point, such as, e.g., for the Yukawa coupling. The mechanism is simple: Starting from the kinetic term for a matter field, one-loop diagrams with 2n external matter fields and internal gravitons can be built, yielding a contribution to the flow of a 2n-matter interaction which is independent of the corresponding coupling itself. Thus, setting the coupling to zero does not yield a fixed point. Instead, the gravity contributions shift the free fixed point to an interacting one [63, 64] . Hence, if quantum scale invariance in the UV can be realized, it appears to necessitate the presence of specific matter selfinteractions. These are typically momentum-dependent and thus higher order from a perturbative point of view. However, the reality of the fixed-point values for those couplings is not guaranteed. Thus a study of these higher-order interactions is critical to reveal whether a matter-gravity fixed point can indeed exist. For instance, for quartic matter couplings the beta function is a parabola in the coupling, and the gravity contribution introduces a shift. Depending on its sign, that shift can destroy the fixed point, if quantum gravity fluctuations become too strong, cf. Fig. 10 , see [61, 59, 62] . These results suggest that the gravitational fixedpoint values have to satisfy the weak gravity bound, cf. right panel in Fig. 10 . There, threshold effects are included: Negative Λ acts like a positive mass and suppresses metric fluctuations, weakening the effective gravitational strength. Within truncations, the weak-gravity bound appears to be satisfied, see [62] .
Outlook
Based on results in simple gravity-matter truncations, the existence of a highly predictive asymptotically safe gravity-Standard-Model-fixed point appears potentially possible. It is critical to investigate the system at higher orders in the truncation to confirm the existence and properties of the fixed point. Further, it is crucial to reach quantitative precision in the prediction of low-energy ob-servables in the matter sector. This could trigger critical progress on quantum gravity: If the quantitative predictions for low-energy observables converge away from the experimental values, the model containing only gravity and the Standard Model is ruled out. Then, asymptotic safety would only remain viable if one could show that new physics that is observationally viable can evade theoretical constraints such as the weak-gravity bound -assuming that it persists in the extended setting -while at the same time featuring an asymptotically safe fixed point and altering the low-energy values of all predictions such that these match the observed values. Contrary to the often-heard claim that experimental tests of quantum gravity are impossible, or only possible in special cases, e.g., for strong violations of Lorentz symmetry, demanding compatibility of a microscopic model with all low-energy observations, in particular those in the matter sector, appears to emerge as a potentially strong test of quantum gravity. As physics is and will remain an experimental science -even when it comes to quantum gravity! -and theoretical progress is tied to observational tests, this is cause for optimism.
